Introduction
[2] One of the hardest physical attributes of aerosols to quantify is the size distribution. Particles in the air can have a broad range of sizes, and often aerosols in a given parcel of air can be grouped into two or more discrete size categories or modes. In a bimodal distribution, for example, the mode of larger particles (typically of a radius greater than 1 μm) is called the coarse mode and the mode of smaller particles (typically of a radius less than 1 μm) is called the fine mode.
[3] Understanding the details of the size distribution facilitates the simulation of particle transport and improves scientific understanding of the indirect effect that aerosols exert on clouds and the effect of aerosols on human health. A recent study by Ridley et al. [2012] has shown that correctly proportioning the contributions of submicron particles to the total dust aerosol mass improves agreement between model simulations and observations of aerosol optical depth from Saharan dust events that cross the Atlantic. The cloud nucleating ability of aerosol particles has been shown by Dusek et al. [2006] to depend more on the aerosol size distribution than on aerosol chemistry, and Romakkaniemi et al. [2012] have observed that changes in the aerosol size distribution can offset the influence that changes in optical depth have on cloud properties.
[4] The effect that aerosols have on human health is the subject of much speculation and study. Studies such as Cohen et al. [2005] and Anenberg et al. [2010] , for example, estimate that particles with a diameter less than 2.5 μm (PM 2.5 ) cause significant loss of life each year, but they differ on the specific numbers. The Sahara Desert and the Sahel region directly south of the Sahara inject massive amounts of dust aerosols into the atmosphere. West Africa has high mortality rates for respiratory infections, but the degree of research into the effects of Saharan and Sahelian dust on these mortality rates has been insufficient to date [De Longueville et al., 2010] . Recent research has, however, implicated desert dust in outbreaks of meningitis in the Sahel . Satellite-derived estimates of aerosol amounts can serve as an adequate proxy measurement for surface levels of PM 10 or particles with a diameter of 10 μm or less [Deroubaix et al., 2013] ; in principle, this should help to more clearly define the connection between dust particles and meningitis. It is not yet clear, though, how significant the details of the size distribution of desert dust aerosols are to their impact on the human health issues observed in the western part of Africa.
[5] Some general information about the aerosol size distribution may be inferred from radiometric data, since changes in particle size lead to changes in the wavelength dependence of the atmospheric extinction or optical depth. Hansen and Travis [1974] used Mie scattering theory to demonstrate that the extinction due to scattering of a given particle decreases with increasing wavelength, provided that the particle radius does not exceed the wavelength of the light. Many subsequent studies have built on this result to develop algorithms that retrieve general information about the aerosol size distribution. Kassianov et al. [2005] , for example, devised an algorithm that was then employed by Slingo et al. [2006] to calculate the effective radius of Saharan dust particles using direct beam radiometric data from a Mutifilter Rotating Shadowband Radiometer (MFRSR) [Harrison et al., 1994] instrument sited in Niamey, Niger.
[6] One way that scientists have used to determine more specific information about the aerosol size distribution is to calculate the Ångström exponent (α), a measure of the wavelength dependence of aerosol extinction. It is defined relative to two wavelengths and obtained from the formula τ 1 = τ 0 * (λ 1 /λ 0 )
Àα , where τ 0 and τ 1 are the aerosol optical depths measured at the wavelengths λ 0 and λ 1 . Larger particles, like desert dust, have smaller Ångström exponents. Values of α measured in Saharan dust storms between 500 and 875 nm typically range from 0 (i.e., no discernible change in aerosol optical depth with wavelength) to 0.25 [Holben et al., 1991] . By contrast, smaller particles like biomass-burning aerosols can have an Ångström exponent in excess of 2.0 between 500 and 875 nm [Kaufman et al., 1992] .
[7] A typical air mass can contain multiple types of aerosols in multiple size modes, so the wavelength dependence of the optical depth due to each mode needs to be taken into account when evaluating the size distribution in more detail. Schuster et al. [2006] demonstrated that the Ångström exponent, when measured relative to different combinations of wavelengths, can provide information on different aspects of the size distribution. When α is derived from long wavelengths, like 675 nm and 870 nm for example, it provides information on the relative concentrations of particles in different size modes. And when it is derived from shorter wavelengths, it provides information on the size of the particles within the fine aerosol mode.
[8] The principal source of ground-based measurements of aerosol optical depth and retrievals of size distributions is the Aerosol Robotic Network or AERONET [Holben et al., 1998 ]. AERONET has instruments on every continent and several remote island locations. The measuring instrument employed by AERONET is the CIMEL CE-318 automatic sun-tracking photometer. This device measures the intensity of the direct solar beam as the sun moves across the sky, from which the aerosol optical depth at seven wavelengths between 340 and 1020 nm is calculated. Eck et al. [1999] estimated uncertainties in AERONET optical depth measurements to be~0.01 at longer wavelengths and 0.02 at shorter wavelengths. The primary source of error comes from calibration errors, but errors in the calculation of optical depth due to Rayleigh scattering and ozone play a role as well.
[9] Periodically during the day, the CIMEL instrument measures scattered radiation at multiple angles, either through an almucantar or a solar principal plane. Dubovik and King [2000] devised a retrieval algorithm for AERONET which combines the direct sun and scattered radiance measurements at wavelengths of 440, 675, 870, and 1020 nm to retrieve the full aerosol size distribution. The algorithm also retrieves one value of the real and imaginary index of refraction and the single-scattering albedo (the ratio of scattering optical depth to total optical depth) at each of the corresponding wavelengths. The retrieved size distribution is expressed as the change in total aerosol volume with respect to the change in the logarithm of the particle radius, dV/d(ln r), over 22 different size bins ranging from 0.05 μm to 15.0 μm. Dubovik and King [2000] estimated the uncertainty in dV/d(ln r) due to random errors to be less than 5% for nearly all particle sizes except the extreme ones, for which the retrieved total volume is usually very small. The original version of the algorithm assumed all the particles were spherical, however. To correct for errors that occurred when the aerosols being observed were non-spherical dust particles, Dubovik et al. [2006] developed a new algorithm, called Version 2.0 that incorporates spheroidal-shaped particles in addition to spherical particles.
[10] There have been a limited number of opportunities to validate the AERONET inversion with direct measurements of aerosol size distributions. Osborne et al. [2008] and Johnson and Osborne [2011] have compared airborne measurements of size distributions with AERONET retrievals of Saharan and Sahelian dust. Both these studies showed generally good qualitative agreement between the AERONET Version 2.0 algorithm and airborne measurements, but there are some differences. In the Osborne et al. study, the AERONET algorithm produced higher concentrations of submicron particles than were measured on the airplane, while airborne measurements of the Johnson and Osborne study showed a dominant coarse mode of slightly smaller-sized particles and a slightly narrower variance compared to AERONET. The Ångström coefficients measured by Osborne et al. were significantly lower than those measured by AERONET, though, so the airborne samples may not have been fully representative of the entire atmospheric column.
[11] O'Neill et al.
[2003] devised the spectral deconvolution algorithm (SDA) to analyze bimodal aerosol size distributions using only AERONET optical depth data. The algorithm makes the assumption that the size distribution consists of one fine mode and one coarse mode, where the coarse mode extinction is essentially constant with wavelength (its Ångström exponent and first derivative are both constrained to be close to zero). The aerosol extinction at 500 nm is then retrieved for both modes. The Dubovik et al. [2006] inversion also can be used to calculate basic properties, like the effective radius and variance, for the coarse and fine modes. It is important to note, though, that the two algorithms define the coarse and fine modes differently. The Dubovik et al. inversion separates the coarse and fine modes at the radius between 0.439 μm and 0.992 μm for which is retrieved the minimum value of dV/d (ln r). By contrast, the O'Neill et al. algorithm separates the modes in a way that does not directly refer to specific particle sizes. It instead treats the curve of total aerosol optical depth versus wavelength as the sum of two distinct curves, of which the fine mode curve decreases more steadily with wavelength and the coarse mode curve varies only slightly with wavelength. The extinction curves of the two modes are constrained based on a statistical analysis of actual data [O'Neill et al., 2001] .
[12] The low values of the Ångström exponent calculated from optical depth measurements of dust from the Sahara and Sahel indicate that the dust is dominated by larger, coarse mode particles. At least one study [Gomes et al., 1990] has suggested, though, that strong enough winds in the Sahara can produce an additional mode of submicron dust particles. Gomes et al. concluded that the likely cause of this submicron mode is sandblasting. Reid et al. [2008] looked for evidence of this additional mode and found nothing conclusive, but their study took place in the United Arab Emirates, not in the Sahara or the Sahel. Todd et al. [2007] , on the other hand, observed a distinct size mode with a peak in aerosol volume at approximately 0.5 μm in AERONET size distribution retrievals from the Bodélé Depression in Chad during the BoDEx 2005 experiment. They also reported that some in situ dust samples showed similar results to the AERONET retrievals. Eck et al. [2010] also observed this intermediatesized mode in AERONET retrievals from the site at Ilorin, in the African nation of Nigeria, and identified the Bódélé Depression as a possible source because of the consistency between their observations and those of Todd et al.
[13] If there is indeed an intermediate mode present at least some of the time in Saharan and Sahelian dust events, some understanding of the dynamical processes is necessary to determine if the Bodélé Depression or some place else is the likely source of these particles. For example, the analysis of satellite data done by Schepanski et al. [2012] indicates that the Bodélé Depression is the strongest individual source of dust in the world, but plenty of other regions of the Sahara and the Sahel (both to the east and west of the Bodélé Depression) produce significant amounts of dust as well. Furthermore, Fiedler et al. [2013] show that the nocturnal low-level jets that lift dust out of the Bodélé Depression in the dusty season from November to March come from the northeast 68% of the time and from the east less than 20% of the time. A jet from the northeast would blow the Bodélé dust southwest toward Nigeria (and the AERONET site at Ilorin), while a jet from the east would blow the dust westward across the Sahel.
[14] This study shows that an intermediate mode has been retrieved in AERONET inversions of Saharan and Sahelian dust at multiple sites often enough to establish some general characteristics. In particular, there are statistically significant differences in the Ångström exponent, fine mode fraction, and the single-scattering albedo when this mode is observed in the data. Section 2 lists the AERONET sites used in this study, explains the methodology used to identify the data points in which the intermediate mode is significantly present, and describes the statistical analysis performed on the data. In section 3, it is shown that the intermediate mode can explain some peculiarities in the radiative properties of a well-documented Saharan dust storm that took place in March 2006 [Derimian et al., 2008; Skonieczny et al., 2011; Slingo et al., 2006; Thomas and Gautier, 2009] . Section 4 contains the main body of work. The frequencies with which the intermediate mode is flagged in the AERONET retrievals are presented for 15 sites, and the degree to which frequency varies with optical depth is investigated. For the 10 sites at which the frequency of occurrence of the intermediate mode is shown to be significant, differences between the Ångström exponent, fine mode fraction, single-scattering albedo, and percent sphericity between the data points in which the intermediate mode is and is not observed are examined as well. A discussion of why the authors believe the intermediate mode reflects physical reality and is not an artifact of the AERONET inversion and how to proceed with further investigation of the intermediate mode is presented in section 5. Section 6 contains the summary and concluding remarks. the site at Ilorin in Nigeria, which is frequently downwind of dust storms emanating from the Bodélé Depression [Eck et al., 2010] . The table also lists the years for which data were obtained for each site, along with the versions of qualityscreened data used. Level 2.0 quality-screened data were used for both the optical depth data and the size distribution inversions at all sites. Level 2.0 SDA retrievals were used at Blida, Ilorin, Izana, La Laguna, Santa Cruz Tenerife, and Tamanrasset INM. The remaining sites use Level 1.5 SDA retrievals due to a shortage or lack of available Level 2.0 retrievals at those locations. This allows for the SDA retrieval results to be examined at all the sites, but the chance of systematic errors in the retrievals due to calibration and instrumentation issues and fewer data quality checks is greater in the Level 1.5 screening.
Data and Methods
[16] A map of the northern part of Africa, with letters indicating the locations pertinent to this study, is presented in Figure 1 . Version 2.0 algorithm, which assumes a combination of spherical-and spheroidalshaped particles in order to better simulate desert dust optical properties, retrieves size distribution, single-scattering albedo, and percent sphericity. The bimodal size distribution retrievals from the SDA are used as well. The SDA values are taken from the closest data point in time to the results of the size distribution inversion, provided that the time difference is less than 1 h.
[17] In order to examine the properties of the intermediate mode, it is first necessary to devise an objective means of determining when it makes a significant contribution to the total aerosol loading. For the sake of simplicity, a given size distribution inversion is said to show a significant presence of the intermediate mode if inversion retrieves two distinct peaks in dV/d(ln r) at radii corresponding to what the AERONET algorithm defines as the coarse mode, but at least one of these peaks is retrieved at a submicron radius. To illustrate this, Figure 2 shows the daily mean value for the size distribution retrievals at Ilorin during a dust event on 10 February 2000, for which the mean optical depth at 870 nm is 1.67 and the Ångström exponent between 440 nm and 870 nm is 0.336. The first vertical dashed line on Figure 2, corresponding to a particle radius of 0.439 μm, denotes where the AERONET inversion divides the total aerosol loading into coarse and fine modes. The second dashed line at 0.992 μm is the cutoff above which a peak will not be flagged as representing the intermediate mode. The retrieved size distribution on this particular day shows three distinct modes: a fine mode most likely due to biomass burning, a large coarse mode typically seen in size distributions of desert dust, and a clear intermediate mode that peaks squarely within the defined size range.
[18] This methodology is admittedly inexact, and care must be taken to avoid confusion in interpreting the data. The SDA implicitly assumes one coarse mode and one fine mode, and the AERONET inversion uses the retrieved size distribution to calculate values of the optical depth, effective radius, and effective variance for one coarse mode and one fine mode even if the retrieved size distribution itself shows a multimodal structure. An additional mode of intermediate size would most likely not be completely categorized by either retrieval into one size or the other, and in that case the calculated properties of the coarse and fine modes would both be affected. It is also possible that the adopted methodology will fail to flag some data points where the intermediate mode has a peak radius of a smaller size or that the intermediate mode is present on some data points where it is not significant enough relative to the primary coarse mode for the AERONET inversion to retrieve a distinct peak for it. Such data points would not be flagged in this study. The ultimate objective, though, is to show that the intermediate mode has significantly different radiative properties from the coarse mode typically observed in Saharan and Sahelian dust. It will be demonstrated that the adopted methodology is sufficient and adequate for this purpose. [19] All 15 sites are examined for the frequency of occurrence of the mode in the AERONET size distribution retrieval. The sites for which the intermediate mode appears in more than 1% of the data points are examined further, to determine if there are statistically significant differences in the Ångström exponent (α, calculated by a linear regression of the measured optical depths at 440, 500, 675, and 870 nm), SDA-retrieved fine mode fraction at 500 nm ( f f ), and single-scattering albedo (w 0 ). For this statistical analysis, individual data points are used as opposed to the daily mean size distributions. While this raises the possibility of giving extra weight in the results to days with a large number of data points, it also allows for diurnal changes in the Ångström exponent and single-scattering albedo that correspond to changes in the size distribution to be taken into consideration. Eck et al. [1999] . Variations of this graph have been published before [Derimian et al., 2008; Skonieczny et al., 2011] , and both these studies commented on the decrease in the value of α as the dust storm moved in on 8 March. But on 9 and 11 March, the 2 days with the highest value of optical depth during the event, α actually increases relative to the day before by a greater amount than the estimated uncertainties. The variation in the fine mode fraction during this period of time shows a similar pattern to that of the Ångström exponent. The mean values of fine mode fraction retrieved on 9 March (33.4%) and 11 March (31.7%) are approximately as high, though, as they were before the storm started on 7 March (32.0%). In fact, the highest fine mode fraction and total optical depth in the plot both occur on 9 March, at the height of the event. So a significant portion of the particles on the days with highest optical depth in this major dust event is small enough to both raise the Ångström exponent and be classified by the SDA algorithm as fine mode particles rather than coarse mode particles.
Case Study: The March 2006 Dust Event
[21] Similar behavior in the aerosol measurements was observed at a site in Niamey in Niger, located further east and upwind from Dakar. Slingo et al. [2006] reported a sharp increase in the optical depth measured by their MFRSR instrument, from less than 2.0 to over 3.5 between the afternoon of 7 March and the afternoon of 8 March. This increase in optical depth corresponds with a sharp decrease in their retrieved value for the effective radius, from 3.3 μm to 1.6 μm. Thomas and Gautier [2009] compared a dust model with optical depth data from AERONET and another device with infrared wavelengths further in the infrared, in order to make a detailed analysis of the physical properties and chemical composition of the dust in this particular storm. Among other things, they found that a modeled multimodal structure consistent with the results of the AERONET inversion produced the best fit to the data.
[22] The detailed AERONET size distribution retrieval results shown in Figure 4 reflect the evolution of this storm over the site at Dakar. On 7 March, before the dust storm had set in, the maximum value of dV/d(ln r) in the retrieval occurred at a coarse mode radius of 1.30 μm. A much smaller relative maximum of dV/d(ln r) occurred at a radius of 0.11 μm, a typical value for fine mode particles. The storm intensified on the following day, and coarse mode particles predictably dominate the size distribution. However, a noticeable portion of the total aerosol volume comes from particles with a radius smaller than 1.0 μm. On 9 March, much of the total volume increase retrieved by AERONET comes from typical coarse mode particles, as expected. However, the proportion of particles of submicron radius also increases, to the extent that a distinct mode with a peak contribution to the total volume at a radius of 0.58 μm can be seen. The value of the particle volume retrieved at this radius is a factor of 2.77 higher on 9 March than it was on 8 March; by contrast, the value of the particle volume retrieved at the peak coarse mode radius of 2.24 μm increased between the 2 days by a factor of 1.78. Note that the optical depth is directly dependent not on total aerosol volume but on particle surface area, so the fractional contribution of this intermediate mode to the total optical depth is greater than its fractional contribution to total aerosol volume.
The Frequency and Characteristics of the Intermediate Mode
[23] Table 2 shows the number of data points, along with the percentage relative to the total number of data points for which a size distribution is retrieved, that the intermediate mode is and is not flagged for all 15 sites. The results are categorized according to the value of the total aerosol optical depth at 870 nm, with four bins representing τ values between 0.50 and 0.75, between 0.75 and 1.00, between 1.00 and 1.50, and greater than 1.50. The relative frequency of major dust events, both with and without a flagged intermediate mode, varies significantly depending on location. [24] Without investigating further, the relatively high frequency of occurrence of the intermediate mode at the most southern sites in the survey allows for alternate explanations. One is that the intermediate mode is a by-product of biomass burning, which certainly makes a significant contribution to the total aerosol loading at Ilorin [Eck et al., 2010] . Another has to do with the dynamics of dust transport, particularly coming out of the Bodélé Depression. Dust emanating from the Bodélé Depression usually travels to the southwest [Fiedler et al., 2013] , so it is not necessarily surprising that Ilorin sees high optical depth events at a greater frequency than the Sahelian sites. Furthermore, dust that tracks westward over the Sahel can mix with dust from additional sources [Schepanski et al., 2012] , perhaps diluting the signal of the intermediate mode if the mode does originate from the Bodélé Depression. In order to get a clear indication of whether one of these explanations is likely to be correct, more aerosol properties need to be investigated. Biomassburning aerosols have a higher Ångström exponent (due to smaller particle size), a greater fine mode fraction, and a lower single-scattering albedo (due to stronger absorption) than desert dust. They are also more spherical. An examination of how these properties vary with location, optical depth, and the appearance of the intermediate mode in the size distribution retrieval should shed some light on what the intermediate mode really is and what its properties are.
[25] The sites used in Table 3 are determined by whether the total percentage frequency of occurrence of the intermediate mode, over all four optical depth categories, adds up to at least 1.0%. This eliminates all the northern sites from further consideration but leaves in Tamanrasset and Capo Verde along with Ilorin and all the Sahelian sites. The mean values of the Ångström exponent between 470 and 870 nm, the SDA-retrieved fine mode fraction at 500 nm, the single-scattering albedo retrieved at 440 nm, and percentage sphericity are presented for the same four ranges of optical depth at 870 nm used in Table 2 . The range of the 95% confidence interval of the means, calculated using the Student's t test method, is also presented. This is done to determine if differences in the mean values between when the intermediate mode is and is not flagged are statistically significant over a given range of optical depth.
[26] Given the high frequency of occurrence of the intermediate mode in the retrievals, the mode's increase in significance with increasing optical depth, and the fact that biomass-burning aerosols are known to intermingle with dust in significant proportions, the AERONET site at Ilorin is the most important site in the study and warrants the closest scrutiny. At optical depth values below 1.50, data points with the intermediate mode flagged have a lower Ångström exponent and fine mode fraction than the points where the intermediate mode is not flagged, but these trends reverse at optical depth values above 1.50. The decreased values of α and f f at optical depths below 1.50 can be explained if the presence of the intermediate mode corresponds to an aerosol loading that consists more purely of dust, while the absence of the intermediate mode corresponds more frequently to a mixture of dust with biomass-burning aerosols. In either case, the smaller biomass-burning particles do not contribute as significantly to the total aerosol loading when the optical depth exceeds 1.50, so α and f f increase when the intermediate mode is present.
[27] The Ilorin site in general has lower values of singlescattering albedo and higher values of percentage sphericity than the other sites. These are both consistent with a significant biomass-burning contribution to the total aerosol loading. In all four categories of optical depth, however, the mean single-scattering albedo is significantly higher when the intermediate mode is flagged. In other words, the aerosols absorb less when the intermediate mode is present. If the presence of the intermediate mode had anything to do with biomass burning, the opposite result would be expected. The percentage sphericity is more highly variable than the other quantities examined, and for Ilorin the differences between when the intermediate mode is and is not flagged do not reach statistical significance in any of the optical depth categories. The variable b represents the y intercept, m is the slope, and t*se is the product of the t function at the 95% confidence interval and the standard error. The statistical significance of the slope relative to a slope of 0 is also presented. Figure 5 . A plot of single-scattering albedo at 675 nm retrieved using the AERONET inversion algorithm versus the fine mode fraction at 500 nm retrieved using the SDA algorithm for the DMN Maine Soroa (black), Ilorin (red), and Zinder Airport (blue) sites. The solid lines correspond to the data points for which the intermediate mode is not flagged, while the dashed lines correspond to the data points for which the mode is flagged.
[28] At every site other than Ilorin, and for each optical depth category, there is a clear difference in the mean Ångström exponents calculated when the intermediate mode is flagged in the AERONET size distribution retrievals than when it is not flagged. The increase in Ångström exponent in the presence of the intermediate mode is universal. With the exception of Capo Verde and Tamanrasset at optical depth values above 1.00 and Maine Soroa at optical depth values above 1.50, the differences are statistically significant.
[29] It has already been observed in Figure 3 that for dust storms containing the intermediate mode, the SDA can retrieve a value of the fine mode fraction at the height of the storm that is greater than the value retrieved before the storm even hit. An analysis of the mean-retrieved values at multiple sites can show if the increase in fine mode fraction with the presence of the intermediate mode is a general occurrence; if this is indeed the case, the size distribution in dust events cannot be categorically described as a strengthening of just a primary coarse mode. As was the case with the Ångström exponents, the increase in fine mode fraction when the intermediate mode is flagged is universal outside of Ilorin. In general, the differences are large enough to be statistically significant. There is enough variation to keep the difference from being statistically significant in a few cases, like large optical depth values at Capo Verde where the sample size is small.
[30] There are some subtle but important differences, however, between how the Ångström exponent and the SDA-retrieved fine mode fraction change with increasing optical depth at a given site. Table 4 shows the results of linear regressions of α (between 440 and 870 nm) and f f (at 500 nm using the SDA algorithm) versus optical depth at 870 nm for data points where t exceeds 0.50 and the intermediate mode is flagged. The slope from the regression of α is negative at all 10 sites and statistically significant to the 95% confidence interval at 9 of the 10. This is an expected result, as dust is composed of larger particles than the background aerosols. If the dust consisted almost entirely of supermicron "coarse mode" particles, the fine mode fraction would decrease with increasing optical depth as well. But as Table 4 shows, 6 of the 10 sites show an increase in fine mode fraction with increasing optical depth. Two sites (Agoufou and Banizombou) show a statistically significant increase in fine mode fraction with increasing optical depth, and two sites (Ilorin and Capo Verde, the two sites for which non-dust particles contribute most significantly to the total aerosol loading) show a statistically significant decrease. This result can be explained if the particles being added as the optical depth increases include particles small enough that the SDA algorithm still identifies them as fine mode particles but large enough relative to background fine mode aerosols to still lower the Ångström exponent.
[31] As a measure of the ability to absorb sunlight, the single-scattering albedo provides some information on the type and chemistry of the aerosol being examined. Included in Table 3 are the mean values of ω 0 at 440 nm retrieved by the AERONET inversion. At every site except Capo Verde, the mean value of ω 0 at optical depths above 1.00 is greater when the intermediate mode is flagged than when it is not. For optical depth values below 1.00, the mean single-scattering albedo is less when the intermediate is flagged only at Capo Verde and Dakar, and in neither case is the difference statistically significant. At DMN Maine Soroa and Zinder Airport, the sites closest to the Bodélé Depression, the mean value of ω 0 at 440 nm when the intermediate mode is flagged becomes exceptionally large as the optical depth increases (0.946 and 0.963, respectively, at optical depths greater than 1.50). This strongly suggests that the particles in the intermediate mode do not absorb sunlight with the same efficiency that regular desert dust does.
[32] Figure 5 , which plots the single-scattering albedo retrieved at 675 nm by the AERONET inversion versus the fine mode fraction retrieved at 500 nm using the SDA algorithm at the DMN Maine Soroa, Ilorin, and Zinder Airport sites, further illustrates the absorption differences between the intermediate mode and ordinary desert dust. When the size distribution retrieval does not show an intermediate mode, ω 0 generally decreases with fine mode fraction. This is consistent with a fine mode containing a significant portion of strongly absorbing biomass-burning aerosols. When the intermediate mode is present, however, there is an increase in ω 0 at all three sites as the fine mode fraction increases above 0.3. At Ilorin, the increase is only temporary; for fine mode fractions greater than 0.5, biomass-burning aerosols dominate and the effect of the intermediate mode vanishes. At Maine Soroa and Zinder Airport, the difference in ω 0 between data points with a retrieved intermediate mode and those without it increases with increasing fine mode fraction. As these sites do not have the same degree of overlap between biomass burning and dust observed at Ilorin, the fine mode fraction almost never exceeds 0.5 when the intermediate mode is present.
[33] The retrieved values of the percent sphericities show a pattern, but the results are less conclusive than with the other retrieved quantities. On a general level, the most southerly site (Ilorin) has the highest amount of spherical particles, due to the contribution of fine biomass-burning aerosols. Outside of Ilorin, the percentage sphericity is usually higher when the intermediate mode is flagged, but the difference is large enough to be statistically significant only in a few cases. Dakar, DMN Maine Soroa, Ouagadougou, and Zinder Airport have size bins where the mean-retrieved percent sphericity is lower when the intermediate mode is flagged, but in none of these cases the difference is statistically significant. The results are complicated further because the retrieval of percent sphericity is not sensitive to the shape particles with an Ångström exponent greater than 1.0 . So the higher values of percent sphericity could stem from intermediate modes being less spherical than typical coarse mode dust, or they could stem from the particles simply being smaller.
Discussion
[34] By themselves, neither the results of the AERONET size distribution retrieval prove that the intermediate aerosol mode observed in Saharan dust events does in fact exist and is an artifact of the AERONET inversion nor do the results quantitatively establish the size of the intermediate mode.
But AERONET optical depth measurements do show a consistent, distinct difference in the Ångström exponent when the intermediate mode is and is not seen. Table 3 shows, at every site where the intermediate mode is present with a noticeable frequency, a statistically significant increase in the Ångström exponent when the intermediate mode has its own peak in the size distribution retrieval. The results from the SDA algorithm of O'Neill et al. [2003] likewise show an increase in the relative contribution of smaller particles to the total optical depth, but there are differences in the behavior of the Ångström exponent and the SDA-derived fine mode fraction. Both of which are obtained using only direct beam data that can be readily explained if the size distributions retrieved by the AERONET inversion are taken at face value. Linear regressions of the Ångström exponent with optical depth when the intermediate mode is flagged have significantly negative slopes at most of the examined sites, but the fine mode fraction shows no conclusive evidence of a similar trend. Furthermore, the dust event of March 2006 shows that sometimes the Ångström exponent actually increases with optical depth during specific dust storms, and the SDA-retrieved fine mode fraction at the height of the storm can even exceed its value before the storm. Substantial evidence exists in the AERONET direct beam data, therefore, that particles smaller than those in the predominant coarse mode but larger than typical fine mode particles are present in significant amounts in some major Saharan dust events.
[35] In addition, the frequency of occurrence of the intermediate mode follows a physically plausible pattern. The intermediate mode is found with the greatest frequency at Ilorin, the site most frequently downwind of the Bodélé Depression. Sites more directly west of the Bodélé Depression also see the mode, with diminishing frequency at more remote sites like Capo Verde and Dakar. Of the sites located further north than the Bodélé, only Tamanrasset in the central Sahara sees the mode with any frequency. So the presence of the intermediate mode in the AERONET inversions depends heavily on location, in a way that is consistent with prevailing wind patterns. The Version 1.0 AERONET inversion could produce spurious additional coarse modes when applied to dust [Osborne et al., 2008] , but the Version 2.0 inversion employed here does not appear to suffer from the same issues. And if the example presented in the Osborne et al. study was characteristic of the spurious coarse mode, it had a larger particle size than the primary coarse mode, not a smaller size.
[36] While more airborne studies at the right places and times are needed to clearly define the size and the absorptive properties of the intermediate mode, the limited number of existing studies does show some agreement between airborne measurements and the AERONET inversions. For example, a recent airborne study by Chen et al. [2011] using the Cape Verde island chain as its base determined that the size distribution of their collected Saharan dust particles could be parameterized using three lognormal distributions corresponding to a coarse mode, a fine mode, and an intermediate mode. Using the median parameters of these distributions, the values of the effective radius of each mode are calculated to be 0.13, 0.46, and 1.20 μm. The first two values are consistent with what is retrieved by AERONET, and the small value of the third can be explained by limitations in the particle sampler, which had a cutoff diameter of 4 μm. Similar studies based in locations like Ilorin or the regions of the Sahel closer to the Bodélé Depression would be better situated to study the intermediate mode, however.
[37] Osborne et al. [2008] conducted a direct comparison between size distributions obtained from airborne sampling and those retrieved from AERONET data at the Banizoumbou site. The comparisons presented in Figure 10 of that paper suggest that the AERONET inversion overestimates the contribution of submicron particles to the total aerosol volume, but the discrepancies may be a result of the normalization of the data. In addition, the methodology of this study would flag the intermediate mode in the airborne measurements presented in the lower graph of Figure 10 . Johnson and Osborne [2011] also make a direct comparison of volume size distributions obtained from airborne data and AERONET data from Banizoumbou and Dakar. The respective means agree very well in general, although the aircraft measurements give a coarse mode peak at a slightly smaller particle size than the AERONET retrievals. In addition, the mean normalized values of dV/d(ln r) measured with the airborne particle sampler at approximate radius values of 0.55 μm and 0.9 μm are nearly equal, which is consistent with an at least occasional presence of an intermediate mode.
[38] Airborne studies can be combined with AERONET and satellite data to show how dust properties, including the size distribution, evolve over time as the cloud spreads both horizontally and vertically. Examining the vertical distribution of dust clouds shown to contain the intermediate mode, particularly with regards to how the size distribution changes with height, can provide further insight into how this mode propagates spatially and temporally.
[39] Not only does the source of the intermediate mode need to be identified but also what it is about the mode's basic nature that distinguishes it from normal desert dust should be investigated as well. For example, a connection may exist between the intermediate mode and the submicron dust aerosols postulated by Gomes et al. [1990] to be formed from sandblasting. If the Bodélé Depression is indeed the source of the aerosols, then the unusual diatomite sediment found there [Bristow et al., 2009; Todd et al., 2007] may have something to do with the intermediate mode. Any establishment of the source and nature of the intermediate mode would also require an explanation for why the mode is more significant in some major dust storms than in others and why the mode's ability to absorb sunlight is weaker than that of normal desert dust.
[40] The work done for this study continues with an examination of the climatology of the intermediate mode at the different AERONET sites, along with an attempt to explain the differences in retrieval results between the sites. While the high frequency of the mode's occurrence in dust events over the Ilorin site suggests the Bodélé Depression in Chad as a possible source, this still needs to be determined more conclusively. This can be done by combining the AERONET data used in this study with satellite data and back trajectory analysis.
Summary and Conclusions
[41] In order to precisely determine the effect of desert dust on solar radiation and human health, it is first necessary to quantify the aerosol size distribution. This is a daunting task, as only AERONET makes routine retrievals of the size distribution in significant detail, and the means to validate these retrievals are often lacking. Sometimes, when applied to dust events in the Sahara or Sahel, the AERONET inversion retrieves a more complicated size distribution than the frequently assumed coarse/fine bimodality. This happens often enough, and with some characteristics that are consistent over different locations, to justify examining the data further in order to better clarify what is actually happening.
[42] In particular, a significant number of size distribution retrievals taken during dust events show an aerosol mode of an intermediate size between what is generally defined as the coarse mode and the fine mode. The mode is present in retrievals taken during a number of dust events over multiple AERONET sites. Included among these events is the major dust storm of March 2006, where the Ångström exponent observed over Dakar counterintuitively increased with increasing optical depth on the days when the intermediate mode was observed, and the fine mode fraction retrieved using the SDA algorithm at the height of the storm exceeded the value retrieved before the storm began.
[43] A general survey of AERONET measurements at sites in Africa and on the Atlantic shows a number of differences between dust events where the intermediate mode is and is not flagged as being present. The frequency of major dust events in general and events which feature the intermediate mode in particular is most common among the sites examined in this study at Ilorin, the site most frequently downwind of the Bodélé Depression. The intermediate mode is observed less frequently over the Sahel, and the frequency decreases further moving out over the Atlantic from Dakar to Cape Verde. Excepting Ilorin, where biomass-burning aerosols contribute significantly to aerosol loadings when the optical depth is less than 1.50, the Ångström exponent is consistently and significantly higher when the intermediate mode is flagged in the data. The SDA retrievals of O'Neill et al. [2003] likewise show an increase in the relative concentration of smaller particles, but the retrieved fine mode fraction does not show the same decreasing trend with increasing optical depth when the intermediate mode is flagged that the Ångström exponent does. The single-scattering albedo is also consistently and significantly larger when the intermediate mode is flagged, suggesting that the particles in the intermediate mode do not absorb sunlight as efficiently as regular dust particles.
[44] The combination of the calculations of the Ångström exponent and SDA-derived retrievals of the fine mode fraction, both of which require only optical depth measurements, can be readily explained if the intermediate mode observed in AERONET inversions using measurements of scattered radiation indeed reflects physical reality. Also, the frequency of occurrence of the intermediate mode in the size distribution retrievals follows a pattern that appears to be consistent with prevailing wind patterns. This consistency can be tested further by examining the climatology of the intermediate mode in more detail on a site-to-site basis. But to establish the existence and properties of the intermediate mode more completely, the results of the AERONET inversions will need to be validated using airborne data at locations and times where the intermediate mode is commonly observed.
